Slippery scar is one of the most destructive diseases encountered in the cultivation of Auricularia polytricha (hairy wood ear); however, the identity of the pathogenic agent has remained uncertain. This study was designed to identify the causative pathogen of slippery scar in A. polytricha and to investigate the taxonomic classification of the pathogen by morphological observations, in vivo pathogenicity tests, and molecular evidences of ITS and RPB2 sequences. The results showed that the pathogen was a new Scytalidium species, here named Scytalidium auriculariicola. Scytalidium auriculariicola was characterized by its rapid growth rate, the catenate conidia of variable size, and the pale brown to brown chlamydoconidia. Phylogenetic analyses based on internal transcribed spacer regions and RPB2 sequences on the pathogen isolated and related species supported that S. auriculariicola was a true Scytalidium species. It was congeneric with and close to Scytalidium lignicola, the type species of Scytalidium. However, it differed from the latter species in the size of conidia, 33 different nucleotide bases in ITS sequences and 30 different nucleotide bases in RPB2 sequences.
Introduction
Auricularia polytricha (Mont.) Sacc, known as hairy wood ear in China, is one of the most widely cultivated edible mushrooms in this region. Its output in 2010 was over 900 000 tons, ranking it fourth among cultivated mushrooms in China (Zhang et al., 2010) . However, since the 1990s, slippery scar, a destructive disease occurring widely in A. polytricha, has become rampant in China. It was estimated that over 40% of cultivated A. polytricha were affected by this disease in Sichuan Province alone, causing yield losses of over 30% annually (Sun & Bian, 2012) . Once the first hypha of A. polytricha are infected, the brown lesions associated with the disease expand rapidly throughout the mycelium, retarding basidiocarp development and causing severe economic losses for growers (Fig. 1) .
Despite the huge losses caused by slippery scar and the numerous studies undertaken on this disease since 1990, the identity of the pathogen causing slippery scar has remained unclear, and whether a fungal or bacterial agent is involved is still a matter of controversy (He & Zhang, 1995; Wang, 2007) . Despite considerable efforts over the last 20 years, there are still no effective measures available to control slippery scar in A. polytricha, mainly due to the limited knowledge on the causative agent. He & Zhang (1995) reported that Fusarium solani (Mart.) Sacc. was responsible for black scar disease (another name for slippery scar) in A. polytricha. Because bacterial strains were subsequently isolated from symptomatic A. polytricha mycelium, slippery scar was long considered to be a bacterial disease (Wang, 2007) . Unfortunately, no detailed pathogenicity testing was reported in these studies. Recently, Scytalidium lignicola Pesante was reported to be the causative agent of slippery scar by Sun & Bian (2012) , which conflicted with previous results. In fact, according to both the phylogenetic analysis and morphological characterization reported by Sun & Bian (2012) , the pathogenic fungus identified by them was not identical to S. ligonicola. Accordingly, the current study was undertaken to identify the causative pathogen of slippery scar, and to describe its morphological and molecular characteristics, in order to facilitate the effective control of this disease in the future.
Materials and methods

Isolation and culture
Twenty-one symptomatic mycelium and 10 healthy specimens were collected from the major cultivation areas of A. polytricha in China. Suspected pathogens were isolated from the symptomatic mycelium during the cultivation stage by aseptically removing 5-mm 2 sections of diseased tissue, and this process was repeated three times for each sample. Sections were transferred to potato dextrose agar (PDA) medium and incubated at 25°C for 3-5 days. Different types of colonies were identified based on growth and morphological features, and the colonies identified were sub-cultured on fresh PDA medium.
Pathogenicity tests
Bacteria strains were inoculated in potato dextrose broth (PDB) and incubated with shaking (120 r.p.m.) at 28°C for 72 h. Healthy A. polytricha mycelium in cultivation bags was then inoculated with 5-mL aliquots of 108 CFU mL À1 bacterial culture followed by incubation at 28°C. For fungal strains, a 5-mm 2 young colony grown on PDA medium for 2-3 days was inoculated directly onto healthy A. polytricha mycelium in cultivation bags and incubated at 25°C. After 15-20 days, microbial material was re-isolated from inoculated A. polytricha mycelium exhibiting symptoms of slippery scar, and the microbial strain was found to be identical to the original inoculum, considered to be the causative agent of the disease.
Morphological analysis
The colony morphology of pathogenic fungal isolates was recorded following growth at 25°C on PDA medium. Hyphal morphology was determined using light microscopy (400 9 magnification) after staining with Melzer's reagent (1.5 g potassium iodide, 0.5 g iodine, 22 mL water, and 22 g chloral hydrate). Spore morphology was observed using light microscopy (1000 9 ) and scanning electron microscopy (SEM; JSM-5900LV, JEOL Ltd, Japan). In SEM analysis, spores were mounted on a cover glass and coated with gold-palladium and photographed. All isolates were deposited in China General Microbiological Culture Collection Center (CGMCC) and the Herbarium of Soil and Fertilizer Institute, Sichuan Academy of Agricultural Sciences (SAAS; Table 1 ).
Genomic DNA extraction, sequencing, and analysis
Mycelia were cultured in PDB at 25°C for 7 days, harvested by filtrating through filter paper, frozen in liquid nitrogen and stored at À80°C until use. Genomic DNA was extracted from the frozen mycelium using the modified CTAB procedure by Doyle & Doyle (1987) . Universal primers ITS4 and ITS5 were used to amplify internal transcribed spacer regions regions (White et al., 1990) , and the primer pair bRPB2-6F and bRPB2-7R were used to amplify the RPB2 subunit (Matheny, 2005 MgCl 2 ). Amplification conditions were: 94°C for 5 min; 35 cycles of 94°C for 30 s, 54°C for 45 s and 72°C for 60 s, with a final extension at 72°C for 6 min. PCR products were separated by electrophoresis on 1.5% (w/v) agarose gels, stained with ethidium bromide and visualized using a UV transilluminator. PCR products were sequenced by Invitrogen Inc. after purified using a purification kit (Axygen Biotechnology Ltd) according to the manufacturer's instructions. Sequences generated in this study were deposited in GenBank with the accession numbers GU591722- *Sequence generated in this study. T, ex-type strain; NT, ex-neotypes.
GU591751, and KC847691-KC847693. Maximum parsimony (MP) was determined using PAUP* version 4.0b10 for phylogenetic analyses (Swofford, 2003) . DNA sequences were aligned using CLUSTAL x 1.83 (Thompson et al., 1997) , and the aligned sequences were edited and manually modified where necessary using BIOEDIT 7.0.9.0 (Hall, 1999) . Sequence alignment was deposited at TreeBase (http://purl.org/phylo/treebase/phylows/study/ TB2:S15411; http://purl.org/phylo/treebase/phylows/study/ TB2:S15412). Spliceosomal introns in RPB2 were excluded from the phylogenetic analysis. All characters were treated as unordered and equally weighted, and gaps were treated as missing data. Bootstrap values were calculated from 1000 replicates.
Results
Isolation and pathogenicity tests
Besides A. polytricha, a total of 130 strains were obtained from symptomatic and healthy A. polytricha samples, which were collected from four sampling sites. These strains were divided into three groups. Group YBI, consisted of 30 fungal strains, produced a dark brown pigment and were all isolated from symptomatic samples. Group YBII consisted of 36 fungal strains, some of which were isolated from diseased samples and produced dark green spores and were identified as Trichoderma sp. according to their macro-and micro-morphology. Finally, group YBIII consisted of 52 bacterial strains that were isolated from all the symptomatic samples as well as most of the healthy samples.
Pathogenicity tests revealed that all 30 YBI strains produced typical symptoms of slippery scar on A. polytricha mycelium (Sun & Bian, 2012) . Strains re-isolated from the infected mycelium were identical to the original inoculum. However, no slippery scar symptoms were produced by any of the YBII and YBIII strains. All the strains in group YBI were an unknown species of Scytalidium, which was identified as the causative agent of slippery scar disease of A. polytricha in this study.
Phylogenetic analysis
Amplification of ITS sequences of the causative agent yielded segments of 509-513 bp, which are 94-95% similar to that of Scytalidium lignicola (AY762623, 515 bp), and 33 nucleotide sites could distinguish the pathogenic agent from the ex-type strain of S. lignicola (Table 2) . For RPB2, a region of 670 bases remained after sequences were edited and trimmed that was 96% similar to that of S. lignicola, and 30 different bases allowed the discrimination of the pathogen from S. lignicola.
Parsimony analysis of ITS sequences was conducted using 63 taxa, including two representatives of Sporendonema purpurascens (Bonord.) E.W. Mason and S. Hughes as outgroups. The alignment comprised 631 nucleotides, of which 201 were constant, 380 parsimony-informative, and 50 variable characters that were parsimony-uninformative. Parsimony analysis resulted in a single most parsimonious tree (Fig. 2a) , with a consistency index (CI) = 0.489, a retention index (RI) = 0.753, and a rescaled consistency index (RC) = 0.369.
The RPB2 dataset comprised 27 sequences, and S. purpurascens was used as the outgroup. The alignment contained 682 characters, consisting of 344 constant, 309 informative and 29 uninformative positions, and the parsimony analysis yielded a single parsimonious tree (Fig. 2b) . 
Mycobank MB801498
Etymology: named after the host genus Auricularia.
Colonies on PDA at 25°C growing fast, reaching a diameter of 5 cm after 3 days, and a diameter of 9 cm after 5 days; initially white velvety or floccose, becoming light brown or dark brown after 4-5 days. Mycelium partly superficial, partly immersed. Hyphae sub-hyaline to brown, with one or several oil globules, septate, 10-42.5 9 2.0-3.0 lm, smooth, branched. 
T, ex-type strain; -, gap;
. , same nucleotide base as S. lignicola. Position numbers for ITS region was given according to the sequence of S. lignicola (GenBank accession number AY762623). Notes: Scytalidium auriculariicola is characterized by rapid growth rate, catenate conidia of variable size, pale brown to brown chlamydoconidia.
Scytalidium auriculariicola resembles S. lignicola, the type species of Scytalidium, in morphology. However, the conidia size of S. auriculariicola is different from that of S. lignicola (6-10 9 1-3 lm or 6-15 9 5-10 lm, Ellis, 1976) . Two other species of Scytalidium, Scytalidium ganodermophthora Yun with the anamorph of S. ganodermophthora, as an ascomycetous pathogen causing yellow rot on the cultivated mushroom Ganoderma lucidum (Curtis) P. Karst in Korea. Scytalidium ganodermophthora is easily distinguished from S. auriculariicola by its much smaller arthroconidia (1.5-4 9 1.5-3 lm). Scytalidium cuboideum (as 'Arthrographis cuboidea (Sacc. & Ellis) Sigler'), responsible for fungal infections in diseased wood logs used to cultivate shiitake mushroom (Lentinus edodes (Berk.) Pegler), also produces much smaller arthroconidia (1.8-3.5 9 1.5-2.5 lm) (Uchida et al., 1993) .
Scytalidium fulvum Morgan-Jones & Gintis and Scytalidium vaccinii Dalp e, Litten & Sigler (Morgan-Jones et al., 1984; Dalp e et al., 1989) are morphologically similar to S. auriculariicola. However, S. fulvum grew much more slowly on PDA at 25°C (reaching a diameter of 1.6 cm after 10 days) and its conidia are much less variable (12-14 9 2-3 lm). Scytalidium vaccinii differs in its growth requirements (20°C at a pH of 5.5), slow growth rate, and having conidia of more variable width on PDA medium.
Discussion
Slippery scar, so far reported only in China, is the most damaging infection encountered in the cultivation of A. polytricha, and the identification of its causative agent is essential for effective control of the disease. The present study has shown that slippery scar is a fungal disease caused by a Scytalidium species. The ITS sequences of the pathogen isolated in this study are more than 99% similar to those reported by Sun & Bian (2012) , and the morphological characters of the pathogenic strains in these two studies are virtually identical, indicating that these pathogenic strains belong to the same species, which was identified as S. lignicola (since 'the 18S sequence matched with S. lignicola (GQ280419) by 99%') by Sun & Bian (2012) Despite being commonly used in phylogenetic studies, the 18S nuclear ribosomal small subunit rRNA gene (SSU) has poor species-level resolution in fungi (Schoch et al., 2012) . The ITS region has been widely used as the DNA barcoding region for the specific identification of fungi, and the protein-coding gene RPB2 also yielded high level of species discrimination in fungal groups (Schoch et al., 2012) . Therefore, ITS and RPB2 sequences were used in the present study for more reliable identification of the pathogen causing slippery scar. It was found that this pathogen differs from S. lignicola in both morphological characteristics and molecular evidence of ITS and RPB2 sequences. Furthermore, the morphological characteristics of this pathogen are different from those of the other known species in the genus Scytalidium. A new species, S. auriculariicola, was thus proposed to accommodate these pathogenic strains. Scytalidium has long been assigned to the Botryosphaeriaceae, but Crous et al. (2006) noted that the type species S. lignicola belonged to the Leotiomycetes, whereas Scytalidium species present in the Centraalbureau voor Schimmelcultures (CBS) collection were polyphyletic. In the present analysis, ITS sequences of S. lignicola and other species listed as Scytalidum in GenBank, as well as some other genera in Leotiomycetes, were used to determine the phylogenetic position of S. auriculariicola. Our data support that S. auriculariicola is a true Scytalidium species as it is related to S. lignicola, the type species of this genus (Fig. 2a) . ITS analysis separated the tested Scytalidium species into two clades (I and II), with species in clade I most likely representing the true Scytalidium species and those in clade II showing a more distant relationship with S. lignicola. Scytalidium auriculariicola and S. lignicola were clustered together (with a bootstrap value of 98%), whereas the three pathogenic species -S. auriculariicola pathogenic to A. polytricha, S. cuboideum to L. edodes and S. ganodermophthora to G. lucidumwere nested in different subclades within clade I (Fig. 2a) . Additionally, all S. auriculariicola strains and 'S. lignicola SJ2010' formed two subclades (I and II) within a monophyletic group (bootstrap value 100%), and 10 base substitutions from subclade I could be distinguished in subclade II ( Table 2 ), suggesting that S. auriculariicola strains from diseased A. polytricha mycelium in China may consist of two clonal groups. The five strains in subclade II were isolated from the same mushroom greenhouse located in Shifang in Sichuan Province but were less virulent in pathogenicity tests. Both ITS and RPB2 trees exhibited similar topographies within the true Scytalidium species, but the clade consisting of S. auriculariicola, S. cuboideum, S. lignicola and S. sphaerospora was only weakly supported in the RPB2 analysis (Fig. 2b) .
Slippery scar has caused serious losses to A. polytricha growers, especially in Sichuan Province. In the pathogenicity tests in vivo, only the anamorph phase of the causative agent was observed; whether a sexual state exists, has not been confirmed yet so far. The recognition of S. auriculariicola as the pathogenic agent will allow further comprehensive studies on the biology and development of this destructive disease. 
